Intestinal epithelial cells and their products, such as mucin and trefoil peptides, form a barrier that separates the host's internal milieu from the external environment (8, 35) . In recent years, it has become clear that the intestinal epithelium also serves as the defensive frontline of the mucosal innate immune system in the gastrointestinal tract (16, 21) . Lipopolysaccharides (LPS) produced by gram-negative bacteria and lipoprotein and peptidoglycan produced by gram-positive bacteria are abundant products of the normal flora that can induce innate immune responses. Although intestinal mucosa is constantly exposed to commensal bacteria and their components, the normal mucosa exhibits only minimal "physiologic" inflammation (4) . However, invasion of pathogenic bacteria through epithelial cells or mechanical breaks in the continuous epithelial monolayer barrier (22) or the penetration of bacterial components typically results in an inflammatory response (18, 23) .
Given their surface position, intestinal epithelial cells are poised to serve as sensors for luminal bacteria and, when appropriate, produce signals such as chemokines that can stimulate the recruitment of host inflammatory cells, including neutrophils, monocytes, and T cells, to sites of pathogen invasion (21) . The clinical importance of the interaction between bacteria and intestinal mucosa is also underscored by recent studies of both human inflammatory bowel disease and genetic murine models of colitis (7, 21, 40) . The presence of a luminal flora appears to be a required cofactor in the development of colitis in murine lines rendered susceptible through targeted disruption of a wide variety of genes (34, 38) . These findings suggest that altered responses to luminal flora can result in chronic intestinal inflammation (33, 37) .
In the past few years, it has also become clear that innate immune mucosal responses may play a central role in determining the character of host response to flora. Recent studies have demonstrated that many innate immune responses to pathogens are mediated by a family of highly conserved pattern recognition receptors (24) (25) (26) . The Toll-like receptors (TLRs), a family composed of at least 10 mammalian homologs of Drosophila Toll, serve as pattern recognition receptors for various microbial products and can mediate production of proinflammatory cytokines (24) (25) (26) . Thus, TLR4 functions as the main receptor for LPS from gram-negative bacteria and transduces signals through MyD88, interleukin-1 (IL-1) receptorassociated kinase, and TRAF6 to activate NF-B and mitogenactivated protein kinase pathways (13, 17) . The MD-2 protein is also required for effective LPS signal transduction, forming a complex with the extracellular domain of TLR4 (2, 9, 39) .
Although previous studies, including those of our group and others, have demonstrated that some intestinal epithelial cell lines can respond to LPS (5), there has been no detailed anal-ysis of the effect of T-cell-derived proinflammatory cytokines on TLR4 expression and LPS responsiveness in intestinal epithelial cells. The present study was initiated to define the role of proinflammatory cytokines in regulating LPS responsiveness in intestinal epithelial cells in order to define their integration into mucosal responses to products of luminal flora.
determined by using a Bio-Rad DC protein assay kit (Bio-Rad Laboratories, Hercules, Calif.). For immunoprecipitation, 1 mg of protein was mixed with 2 g of rabbit anti-TLR4 antibody (eBioscience) and 10 l of Hitrap protein A Sepharose beads (Amersham Biosciences Co.). After overnight incubation at 4°C, immunocomplexes were washed with lysis buffer and solubilized in 30 l of SDS sample buffer (1.25% SDS, 2.5% glycerol, 62.5 mM Tris-HCl [pH 6.8], 5% 2-mercaptoethanol). Immunoprecipitated proteins were separated on 4 to 20% Tris-glycine polyacrylamide gel (Invitrogen), and proteins were blotted onto polyvinylidene difluoride membranes. Membranes were blocked with 5% dry milk-0.1% Tween 20 in Tris-buffered saline for 2 h at room temperature and then incubated overnight at 4°C with biotinylated rabbit anti-TLR4 antibody (200 ng/ml) (eBioscience), followed by 1 h of incubation at room temperature with horseradish peroxidase-labeled rabbit anti-biotin antibody (1:1,000) (Cell Signaling, Beverly, Mass.). Staining was detected by using a Renaissance chemiluminescence kit (Perkin-Elmer Life Sciences, Inc., Boston, Mass.) and by exposure to radiographic film. For positive and negative controls, lysates were prepared from COS7 cells or COS7 cells transfected with pCMV1-FLAG-hTLR4 (kindly provided by R. Medzhitov, Yale University) by using Lipofectamine Plus reagents (Invitrogen). Protein expression was confirmed by Western blotting using anti-FLAG M2 MAb (Sigma-Aldrich).
Fluorescence-activated cell sorter (FACS) analysis. Cell suspensions were prepared from confluent cells grown as monolayers in 6-well plates and detached by using 1% trypsin-0.02% EDTA. Cells (5 ϫ 10 5 cells per sample) were washed with DMEM containing 2% FBS and used for direct immunofluorescence staining with PE-labeled anti-TLR4 MAb (clone HTA-125; eBioscience), PE-labeled anti-CD14 MAb (clone M5E2; BD Biosciences), or PE-labeled isotype control (␥2a, ; eBioscience). The cells were analyzed on a FACScan TM (BD Biosciences). Forward and side scatter criteria were used to define single-cell populations.
LPS uptake assay. Alexa Fluor 488-conjugated LPS from E. coli O55:B5 (Molecular Probes, Inc.) was preincubated in culture medium containing 10% FBS for 1 h at 37°C and added to cells grown in a 6-well plate at a concentration of 1 g/ml. After the indicated incubation time, cells were detached from the surface by using 1% trypsin-0.02% EDTA. Cells (5 ϫ 10 5 cells per sample) were washed with DMEM containing 2% FBS and stained by propidium iodide (1 g/ml) to eliminate dead cells. The cells were analyzed on a FACScan TM (BD Biosciences). Forward and side scatter criteria were used to define single-cell populations.
For fluorescence microscopy observation, cells were cultured on Lab-Tek chamber slides (Nalge Nunc International Co., Naperville, Ill.) and Alexa Fluor 488-conjugated LPS (1 g/ml) was added. After the indicated incubation time, cells were washed with cold PBS and fixed in a mixture of 50% ice-cold methanol and 50% ice-cold acetone for 5 min. After washing, 4Ј,6Ј-diamidino-2-phenylindole (DAPI) staining was performed for nuclear staining.
Statistical analysis. Statistical significance between groups was assessed by Student's t test. Data are expressed as means Ϯ standard deviations (SD). Triplicate determinations were performed in each experiment, and all experiments were repeated at least three times. A probability value of Ͻ0.05 was taken as the criterion for a significant difference.
RESULTS

Cell type-specific conversion of LPS responsiveness of human intestinal epithelial cells by IFN-␥.
We first compared LPS responsiveness among five human intestinal epithelial cell lines (HCT-116, Caco-2, Colo205, HT-29, and SW480) which are commonly used in many laboratories and have been reported to be able to respond to IFN-␥ (3, 20, 30, 36) . These cell lines were stimulated with 0.1 to 1,000 ng of LPS/ml. After overnight culture, supernatants were collected and IL-8 activity in the supernatants was analyzed by ELISA. As shown in Fig.  1 , most intestinal epithelial cell lines (HCT-116, Caco-2, HT-29, and Colo205) responded to LPS at concentrations of 1 g/ml or greater. In contrast, significant IL-8 production was exhibited when SW480 cells were stimulated by concentrations of LPS as low as 1 ng/ml (Fig. 1) . Although the absolute amount of IL-8 produced by SW480 cells was less than that from THP-1 cells, the concentrations of LPS needed to produce significant amounts of IL-8 were almost equivalent for these two cell lines. Next, we evaluated the effects of pretreatment with IFN-␥ on IL-8 production in response to LPS. Although responsiveness to LPS in HCT-116 or Caco-2 cells did not change after priming with IFN-␥, pretreatment with IFN-␥ resulted in a significant increase in LPS responsiveness in HT-29 and Colo205 cells. As shown in Fig. 1 , significant IL-8 production was induced in HT-29 and Colo205 cells by stimulation with 0.1 and 10 ng of LPS/ml, respectively, after treatment with IFN-␥.
IL-1 is known to share signal transduction pathways with LPS downstream of MyD88 (27) . In initial efforts to determine which steps in IL-8 production are involved in the IFN-␥-mediated enhancement of the LPS response in HT-29 and Colo205 cells, the effect of IL-1 with or without IFN-␥ pretreatment on IL-8 production by HT-29 and Colo205 cells was evaluated. As shown in Fig. 2 , although IL-1 induced concentration-dependent IL-8 production, this effect was unaffected by IFN-␥ in either HT-29 or Colo205 cells. These results suggested that IFN-␥ regulates events upstream of MyD88 to confer responsiveness to LPS.
Effects of IFN-␥ on RNA expression of TLR4 and MD-2.
Using Northern blot analysis, we next examined the effect of IFN-␥ on RNA expression of TLR4. As shown in Fig. 3A , intestinal epithelial cell lines (HT-29, Colo205, and SW480) expressed various amounts of TLR4 mRNA, and the expression of TLR4 mRNA was up-regulated by IFN-␥. The TLR4 mRNA levels in HT-29 and Colo205 cells were increased twoto fourfold following exposure to IFN-␥. Three distinct bands for TLR4 mRNA were observed by Northern blot analysis. Although we could not assess the functional differences among these bands in this study, these different bands reflect previously documented transcript variants for TLR4 (GenBank accession numbers U88880, NM_138554, NM_138556, NM_003266, and NM_138557). In contrast, TLR4 mRNA expression in HCT-116 and Caco-2 cells was not detected by Northern blotting even after IFN-␥ treatment. Other Th1 and Th2 cytokines (IL-1, IL-6, tumor necrosis factor alpha, IL-4, IL-13, and transforming growth factor ␤) and growth factors (epidermal growth factor, hepatocyte growth factor, and fibroblast growth factor) also failed to induce TLR4 mRNA expression in these cells (data not shown). All epithelial cell lines evaluated (HCT-116, Caco-2, HT-29, Colo205, and SW480) expressed MD-2 mRNA, as detected by RT-PCR. IFN-␥ upregulated MD2 mRNA expression in both HT-29 and Colo205 cells (Fig. 3B) . These results suggest that the relative hyporesponsiveness to LPS by HCT-116 and Caco-2 cells is due to relatively low steady-state concentrations of TLR4 mRNA.
Effects of IFN-␥ on protein expression of TLR4. To determine whether the IFN-␥ effects on TLR4 mRNA expression in intestinal epithelial cells are paralleled by changes in total protein and surface expression, we evaluated constitutive TLR4 protein in human intestinal epithelial cell lines by immunoprecipitation (IP)-Western analysis using anti-TLR4 polyclonal antibodies. Lysates from COS7 cells transfected with FLAG-tagged TLR4 plasmid served as a positive control. As shown in Fig. 4A , TLR4 protein was observed in lysates from SW480 and HT-29 cells. Significant expression of TLR4 protein was also present in lysates from Colo205 cells. IFN-␥ up-regulated TLR4 protein expression in both Colo205 and HT-29 cells (Fig. 4B) . TLR4 protein could not be detected with Effects of IFN-␥ on surface expression of TLR4 and CD14. We next checked surface expression of TLR4 and CD14 by FACS analysis using PE-labeled MAbs against TLR4 and CD14. CD14 is known to directly bind to LPS and augments the LPS sensitivity of the TLR4-MD-2 complex in various cell types (6, 42) . Surface CD14 expression was not detected in either HT-29 or SW480 cells with or without IFN-␥ pretreatments ( Fig. 5 and data not shown) . Low but significant surface CD14 expression was observed in Colo205 cells. However, expression of CD14 in Colo205 cells was not changed after IFN-␥ exposure. In contrast, surface expression of TLR4 at a concentration comparable to that present on monocytic cell lines was observed in SW480 cells. Surface expression of TLR4 was not altered by IFN-␥ treatment. Although significant amounts of total TLR4 protein and MD2 mRNA were expressed in HT-29 or Colo205 cells after IFN-␥ treatments, surface expression of TLR4 was not detected (Fig. 5) .
Effects of IFN-␥ on LPS uptake into intestinal epithelial cells. Recently, it has been reported that TLR4 protein is present in the Golgi apparatus, but not plasma membranes, in a murine small-intestinal epithelial cell line and colocalizes with internalized LPS (12) . Therefore, although we detected surface TLR4 in some human colonic epithelial cell lines, we next examined whether human colonic intestinal epithelial cell lines demonstrate LPS uptake and whether IFN-␥ can modulate this process. Alexa Fluor 488-conjugated LPS (1 g/ml) was added to intestinal epithelial cells, followed by incubation at 37°C for 0. or medium for 6 h, and then total RNA was isolated. Northern blotting was performed as described in Materials and Methods, followed by hybridization with cDNA probes for TLR4 and GAPDH. (B) Cells were cultured with IFN-␥ (10 ng/ml) or medium for 6 h, and then total RNA was isolated. MD-2 and GAPDH expression was assessed by RT-PCR using 2 g of total RNA and primers. and SW480). The rates of uptake varied among the cell lines ( Fig. 6A and B) . Fluorescence microscopy observation revealed that most of the incorporated Alexa Fluor 488-conjugated LPS was localized in the cytoplasm (Fig. 6D) . LPS incorporation in Colo205 cells was stimulated by IFN-␥ (Fig.  6C) .
DISCUSSION
Under physiological conditions, intestinal epithelium appears to exhibit a state of hyporesponsiveness to the variety of products of commensal bacteria to which it is consistently exposed, such as LPS, lipoproteins, or peptidoglycan. However, intestinal epithelial cells can stimulate inflammatory responses through production of proinflammatory mediators such as IL-8 and nitric oxide in the context of infection by pathogenic bacteria or inflammatory bowel disease (15, 18, 22, 23) . It is well recognized that inflammatory bowel disease is characterized by chronic dysregulated inflammation, and commensal bacteria may be a stimulus for these inflammatory responses (29) . Furthermore, augmented production of Th1 cytokines, including IFN-␥, at sites of inflammatory bowel disease with inflammatory activity has been reported, suggesting that these Th1 cytokines may be involved in the change of responsiveness of intestinal epithelial cells to microbial products (10) .
Although some, but not all, intestinal epithelial cell lines are known to respond to LPS, little is known about the relationship between LPS responsiveness and the expression of LPS receptors and other factors regulating LPS responsiveness. In this study, we demonstrate that IFN-␥ modulates LPS responsiveness in intestinal epithelial cell lines and that commonly studied human intestinal epithelial cell lines can be classified into at least three different types on the basis of LPS responsiveness, TLR4 expression, and the effect of IFN-␥ on LPS responsiveness. The heterogeneity in TLR4 expression and LPS responsiveness observed in these intestinal epithelial cell lines seems to reflect the heterogeneity of primary intestinal epithelial cells, because we observed that TLR4 and MD-2 mRNA were detected in most, but not all, primary intestinal epithelial cells isolated from freshly prepared biopsy samples (unpublished results).
The intestinal epithelial cell lines tested in this study, with the exception of SW480, were hyporesponsive to LPS stimulation, perhaps resembling primary cells in normal physiological conditions in vivo. Interestingly, among the cell lines studied, SW480 was responsive to LPS at nanogram range and expressed surface TLR4, as detected by FACS. Furthermore, the surface TLR4 on SW480 cells appears to be complexed with MD-2. However, the optimal LPS response of SW480 cells seems to be enhanced by soluble CD14, because SW480 cells lack detectable membrane CD14 even after IFN-␥ stimulation. In contrast, HCT-116 and Caco-2 cells in the present study lacked TLR4 mRNA and TLR4 protein, although MD-2 mRNA was present in both cell lines. LPS responsiveness and TLR4 expression in either HCT-116 or Caco-2 cells were unaffected by IFN-␥ stimulation. The observed lack of responsiveness to IFN-␥ in both Caco-2 and HCT-116 cells cannot be attributed to defects in IFN-␥-induced signal transduction pathways in these cell lines, because IFN-␥ can induce HLA class II expression and exert antiproliferative effects in both Caco-2 and HCT-116 cells (30, 36) . A recent report demonstrated that the Caco-2 cell line acquires LPS responsiveness after transfection with both TLR4 and MD-2 cDNAs (2). These results suggest that the hyporesponsiveness to LPS in these cell lines seems to be caused by limited expression of TLR4. On the other hand, although HT-29 and Colo205 cells expressed amounts of TLR4 proteins and MD-2 mRNA that were almost comparable to those in SW480 cells, the former cell lines remained hyporesponsive to LPS unless primed. Recently, Randow and Seed found that TLR proteins (TLR1, TLR2, and TLR4) were retained intracellularly in a B-cell line in the absence of endoplasmic reticulum chaperone gp96 (32) . These results suggest that surface expression of TLR4 may be specifically regulated after protein translation, although the contribution of gp96 in intracellular retention of TLR4 proteins in HT-29 and Colo205 cells is unknown.
In this paper, we found that IFN-␥ could markedly enhance the sensitivity of cell response to LPS as assessed by production of IL-8 in both HT-29 and Colo205 cells. IL-1 was able to induce IL-8 production by both unprimed HT-29 and Colo205 cells, but this effect was not augmented by IFN-␥. These results suggest that the state of LPS responsiveness and the effect of IFN-␥ in enhancing LPS responsiveness in these cell lines are mediated via events upstream of MyD88, because TLR4 and IL-1 receptor shared a common signal transduction pathway downstream of MyD88 (27) . As shown in Fig. 3, IFN (39), a result confirmed by us in vitro (data not shown). These results suggest that HT-29 and Colo205 cells may respond to LPS after IFN-␥ treatment through a mechanism independent of surface expression of TLR4. However, it is also possible that trypsin used to isolate cells leads to loss of surface TLR4 prior to FACS analysis, an effect which may render surface TLR4 undetectable in cell lines with intrinsically lower expression. Recently, Hornef et al. found TLR4 in the Golgi apparatus that colocalized with internalized LPS in a murine small-intestinal epithelial cell line and that is highly responsive to LPS (12) . The results of our study are consistent with those of this previous report and may suggest that internalized LPS can provide signals for IL-8 production through intracellular TLR4-MD-2 complexes in some human large-intestinal epithelial cell lines as well. Time-dependent uptake of fluorescence-labeled LPS and cytoplasmic transport could be observed in some human large-intestinal epithelial cell lines, and incorporation of LPS into cytoplasm was significantly augmented by IFN-␥ in Colo205 cells (Fig. 6) .
Internalization of LPS has been demonstrated in a number of studies (19, 41) . Kitchens et al. reported that monocytes exhibit at least two different membrane-bound CD14-dependent LPS internalization pathways, one utilizing clathrincoated pits and the other independent of clathrin-coated pits (19) . Using HeLa cells, Thieblemont and Wright demonstrated that soluble CD14 also participated in the incorporation of LPS into cytoplasm (41) . However, as demonstrated by most previous reports (5, 31), intestinal epithelial cell lines, except Colo205, lack surface CD14 expression in unprimed conditions and neither IFN-␥ nor LPS stimulation induced surface CD14 expression on these cells (Fig. 5 and data not shown) . In contrast, significant surface expression of CD14 was detected in Colo205 cells, but IFN-␥ modulation of LPS uptake was not mediated via regulation of CD14 expression. Our present results demonstrate that intestinal epithelial cell lines may take up LPS through both surface TLR4-dependent and -independent pathways.
Recently, it has been demonstrated that NOD1/CARD4 and NOD2/CARD15, members of a subgroup of the CED4/Apaf-1 family of proteins characterized by a C-terminal leucine-rich repeat domain, function as cytoplasmic receptors for LPS and peptidoglycan components, respectively (11, 14, 28) . NOD1 mRNA is widely expressed in various tissues (14) . As expected, constitutive expression of NOD1 mRNA was observed by RT-PCR in all epithelial cell lines used in this study (data not shown). In contrast to NOD1, expression of NOD2 mRNA was initially reported to be macrophage specific (28) . However, it has been found that some intestinal epithelial cells also express NOD2 mRNA and protein and that NOD2 mRNA is upregulated by TNF-␣, but not IFN-␥, in intestinal epithelial cells (11a). These results suggest that the contribution of NOD1/ NOD2 to IFN-␥-enhanced IL-8 production observed in HT-29 and Colo205 cells is modest. Further studies are required to clarify the relative contributions of TLR and NOD systems to host responses to LPS derived from outside of cells and intracellular bacteria in human intestinal epithelial cells.
In aggregate, our results demonstrate that commonly used human intestinal epithelial cell lines can be classified into three different phenotypes according to LPS responsiveness and TLR4 expression pattern, likely reflecting heterogeneity in vivo. The first phenotype is characterized by hyporesponsiveness to LPS and diminished expression of TLR4 protein (HCT-116 and Caco-2). In these cells, pretreatment of IFN-␥ does not induce LPS responsiveness. The second phenotype exhibits a highly LPS-responsive phenotype and a clear surface expression of TLR4 protein even in an unprimed condition (SW480). These cells are therefore functionally similar to those of monocytic lineage. In the last phenotype (HT-29 and Colo205), TLR4 protein is largely present in the cytoplasmic fraction and the cells are relatively hyporesponsive to LPS in unprimed condition. Interestingly, priming with IFN-␥ can induce LPS responsiveness in this phenotype of cell lines through augmentation of LPS uptake and expression of MD-2 mRNA and intracellular TLR4 proteins.
Thus, the Th1 proinflammatory cytokine IFN-␥ can modulate LPS responsiveness in intestinal epithelial cells through several mechanisms. These results provide insights into the mechanisms of LPS recognition in intestinal epithelial cells and into the processes through which Th1 cytokine affects LPS responsiveness in acute and chronic mucosal inflammation.
